1 T cells that migrate into the central nervous system (CNS) and mount an autoimmune neuroinflammatory attack on myelin and oligodendrocytes. Secondary to these events, however equally destructive, is the generation of inflammatory-mediated reactive oxygen and nitrogen species generated by persistently activated microglia and astrocytes. Nuclear factor-erythroid 2-related factor 2 (Nrf2) is a basic leucine zipper transcription factor that regulates genetic expression of many protective antioxidant and detoxication enzymes. Here we describe the Nrf2 modulation of innate and adaptive immune responses in an acute autoimmune model of MS, experimental autoimmune encephalomyelitis (EAE). Wild-type (WT) mice and Nrf2 knockout mice were immunized with myelin oligodendrocyte glycoprotein (MOG 35-55) and monitored daily for clinical scores of disease. Disruption of Nrf2 resulted in a more severe clinical course, a more rapid onset, and a greater percentage of mice with the disease. Furthermore, increased immune cell infiltration and glial cell activation in spine was observed. In conjunction, we observed increased inflammatory enzyme (iNOS, phox-47, gp91-phox, and phox-67), cytokine (IFNgamma, IL1-b, TNF-alpha, and IL-12), and chemokine (BLC and MIG) gene expression levels in the Nrf2-deficient mice compared to the WT mice, supporting the notion that Nrf2 can modulate an autoimmune neuroinflammatory response. Our results show that the absence of Nrf2 exacerbates the development of EAE and thus suggests that activation of Nrf2 may then attenuate pathogenesis of autoimmune diseases such as MS as well as other neurodegenerative diseases that present with neuroinflammation.
The National Multiple Sclerosis Society estimates that over 2 million persons worldwide are affected with the autoimmune demyelinating disease known as multiple sclerosis (MS). MS is regarded as a heterogenic disease and presents with variable symptoms and severity ranging from loss of vision to debilitating ataxia (Noseworthy et al., 2000) . In most cases, MS is considered to be a chronic inflammatory disease of the central nervous system (CNS) with intervals of remission followed by relapse. However, acute progressive cases are documented. Onset of this disease initiates outside of the CNS through activation of CD4þ T cells by myelin-like antigenic peptides. These cells then migrate across the blood brain barrier (BBB) initiating focal inflammation. In addition, activation of infiltrating macrophages, CD8þ T cells, B cells, as well as resident microglia and astrocytes have all been implicated in the pathology of MS. Sclerotic lesions associated with this disease result from an attack on the myelin sheathing surrounding the neuronal axons and on the oligodendrocytes, resulting in axonal retraction and subsequent astrogliosis. Current therapies for this disease primarily focus on prevention of the penetration of immune cells across the BBB (DhibJalbut, 2007; Noseworthy et al., 2000) . However, oxidative stress is also documented in the pathogenesis of MS. Here, activation of macrophages, microglia, and astrocytes produce reactive oxygen species (ROS) such as super oxide radicals and reactive nitrogen species (RNS), which are injurious to cells and also contribute to the cellular and tissue damage observed in the MS lesion (Liu et al., 2001; van Horssen et al., 2008; Zeis et al., 2008) .
Many studies clearly demonstrate that the pro-antioxidant transcription factor, nuclear factor-erythroid 2-related factor 2 (Nrf2), promotes cell survival or tumor prevention via disruption of the Keap1-Nrf2 cytosolic complex, an event mediated by electrophilic or free radical molecules (Chan et al., 2001; Durchdewald et al., 2007; Kang et al., 2004; Lee et al., 2005; Li et al., 2005; Liu et al., 2008) . The actin-bound Keap1 sequesters Nrf2 in the cytosol and serves as an E3 ligase, shuttling the continuously ubiquinated Nrf2 to the proteasome for degradation (Zhang and Hannink, 2003) . The turnover of Nrf2 is thus rapid, and its short half-life in cell lines and macrophages is estimated to be less than 20 min. Hence, basal levels of Nrf2-driven genes can be quite low. Upon cytosolic activation of Nrf2, the transcription factor releases from Keap1, translocates to the cell nucleus, and binds to the antioxidant response element (ARE; Itoh et al., 2003 Itoh et al., , 1997 . The ARE is a cis-acting DNA-responsive element located in the promoter region of a battery of genes whose functions are to promote cell survival. Clusters transcribed include genes that (1) metabolize and conjugate xenobiotics or electrophiles, such as the phase II enzymes NAD(P)H-quinone oxidoreductase (NQO1), glutathione S-transferases (GSTs), and UDP-glycosyltransferase 1A6 (UGT), and (2) boost a cells antioxidant potential that include enzymes and proteins, such as glutamate-cysteine ligase (glutathione [GSH] production), heme oxygenase-1, thioredoxin reductase-1 (TXNRD1), thioredoxin, and ferritin (Kraft et al., 2004; Lee et al., 2003; Li et al., 2002; Shih et al., 2003) . Nrf2 is thus considered an important mediator of cellular oxidative stress particularly in diseases that present with neuroinflammation such as Parkinson's disease, Alzheimer's disease, and MS.
Modulation of the innate immune response by Nrf2 has been observed in mice with lung inflammation or acute lung injury (ALI). Previous studies showed that if lungs of mice were instilled with LPS or carrageenan, there was an increased presence and persistence of inflammatory cells in Nrf2-KO mice when compared to WT controls. This corresponded to increased activation of nuclear factor KB in the Nrf2-KO mice. (Itoh et al., 2004; Thimmulappa et al., 2006a) . Expression of genes associated with inflammation, such as tumor necrosis factoralpha (TNF-alpha), IL-1beta, and IL-6, were also dramatically increased. Sepsis-induced mortality in these same mice was greater than in a wild-type (WT) cohort. This response correlated to the lack of Nrf2, since pretreatment with an activator of Nrf2, the triterpenoid analogue CDDO-imidazolide (CDDO-Im), failed to attenuate the innate inflammatory response and mortality in the Nrf2-knockout (KO) mice. However, administration of a cellular antioxidant, N-acetyl-cysteine, was able to partially protect (Thimmulappa et al., 2006b (Thimmulappa et al., , 2007 .
Previous studies in our laboratory have demonstrated the protective effects of Nrf2 in mouse cortical cultures treated with H 2 O 2 as well as in mouse models of neurodegeneration, including Parkinson's disease, Huntington's disease, and amyotrophic lateral sclerosis. Moreover, an increased occurrence of activated microglia and astrocytes was evident in the brains or spines from Nrf2-KO mice with these diseases compared with WT controls Chen et al., 2009; Jakel et al., 2007; Kraft et al., 2004 Kraft et al., , 2006 Vargas et al., 2008) . These observations further underline the significance of Nrf2 in the modulation of neuroinflammation as well as the protection from oxidative stress.
The present study attempts to understand the role of Nrf2 in an autoimmune inflammatory model of MS. Nrf2-KO and WT mice were immunized with MOG 35-55 to induce experimental autoimmune encephalomyelitis (EAE). Clinical scores of disease and disease onset were monitored, and cellular and molecular mechanisms of the disease in Nrf2-KO and WT mice were analyzed.
MATERIALS AND METHODS
Mice. All experiments were performed using Biozzi ABH mice backcrossed onto Nrf2-KO mice for a minimum of seven generations producing congenic strains of mice containing over 99% of the recipient genome. The Biozzi ABH mice were graciously provided by Dr Ian Duncan, School of Veterinary Medicine, University of Wisconsin, Madison (Note: these mice were originated by Dr David Baker, Institute of Neurology, University College London). ABH mice are widely used in studying diseases of autoimmunity. These mice have a unique major histocompatibility complex haplotype designated H-2 dq1 , yielding them highly susceptible to antigenic agents (Amor et al., 2005) . Nrf2-KO mice were generated by displacement of the basic leucine zipper/DNA-binding domain of Nrf2 with a B-galactosidase cassette (Chan et al., 1996) and were kindly provided by Dr Yuet Wai Kan, Howard Hughes Medical Institute, University of California, San Francisco. For sake of simplicity, the ABH 3 Nrf2-KO mice are hereafter referred to as Nrf2-KO.
Induction of EAE and clinical scoring. EAE was induced in 8-to 16-week-old male and female Nrf2-KO mice and WT littermate controls by sc injecting 100 lg of MOG 35-55 peptide (AnaSpec, Inc., San Jose, CA) emulsified in complete Freund's adjuvant (CFA) including Mycobacterium tuberculosis (SIGMA, St Louis, MO) into the scapular region. This was concomitant with ip injections of 200 ng of pertussis toxin (SIGMA) on days 0 and 2. EAE was monitored daily for clinical scores of disease until completion of the experiment using the following scoring system-1, complete tail atony; 2, hind limb weakness; 3, hind limb paralysis; 4, complete hind limb paralysis and front limb weakness; and 5, moribund. If mice with EAE were deemed to be within two scorings, a 0.5 value was added to the lower of the clinical score. Total body weights were also monitored daily. It is noted that all animals were treated and cared for in accordance with and approval of the University of Wisconsin's Institutional Animal Care and Use Committee.
LFB staining and measurement of demyelination. At 14-16 days after EAE induction, mice were transcardially perfused with 0.1M PBS. Spinal cords were removed from the spinal column by liquid expulsion, fixed in 10% formalin, and embedded in paraffin. Spinal cords were cut, and middle lumbar and lower sacro-lumbar regions were included on each slide. Sections (10 lm) were cut and stained with Luxol Fast Blue (LFB) to detect myelin. Four intact cross-sections from each mouse (four to five mice per group) were photographed on an Olympus BX40 microscope (Olympus America Inc., Melville, NY) using a CMOS Pro 1000 series digital camera (Sound Vision Inc., Wayland, MA). Adobe Photoshop images were imported into the ImageJ image processing and analysis program (http://rsb.info.nih.gov/ij/index.html). Normally myelinated areas and areas of demyelination in the dorsal region were measured on each section. Areas from each animal were totaled, and the percent demyelination was calculated. GraphPad Prism 4 (GraphPad Software) statistical software was used to plot data and to calculate unpaired t testgenerated p-values for comparison of demyelination between groups of mice (p < 0.05 was considered significant).
Cell infiltration. Paraffin sections of spine from the above experiment were also stained with hematoxylin and eosin (H&E) for analysis of total cell infiltration in perivascular and subpial regions. High-resolution images of sections were captured at 3200 magnification using the Mosaic Scanning System (Zeiss Microscopy, Germany). Paneled sections were then stitched, and the total cell infiltration was blindly assessed and scored by adding the total number of areas of perivascular cuffing to the arbitrary scoring system for subpial cell infiltration that consisted of the following: 0, no infiltration; 1, minor infiltration; 2, numerous infiltrating cells; 3, most of the pia involved; and 4, all of the pia involved. Statistical analysis was performed as described above.
Immunohistochemistry. Paraffin sections of spine from the above experiment were cut into 10-lm sections, rehydrated, and immunohistochemically stained using rabbit anti-ionized calcium-binding adaptor molecule 1 (Iba1) antibody (1:250; Wako Pure Chemical Industries, Osaka, Japan) or 238 JOHNSON ET AL. rabbit anti-Glial fibrillary acidic protein (GFAP) antibody (1:2000; Dako). Antigen retrieval was performed prior to staining for MOG by boiling sections for 20 min in 0.01M sodium citrate, pH 6.0. All sections were then blocked with buffer containing 0.4% Triton X-100, 10% goat serum or horse serum, and 0.5% bovine serum albumin in PBS. Sections were incubated with primary antibodies diluted in blocking solution overnight at 4°C. Secondary staining of sections was performed using the appropriate antibodies conjugated to AlexafluorÒ 488 and 647 (Molecular Probes, Inc., Eugene, OR) that were diluted in blocking solution (1:250) and incubated for 1 h at room temperature. Hoescht 33258 (5 lg/ml, SIGMA) was added to the secondary antibody solutions to stain cell nuclei. Sections were washed with PBS and mounted with Fluoro-Gel (EMS). Control staining was performed using appropriate IgG antibodies in place of the primary antibody. Sections were visualized using a Zeiss epifluorescent microscope (Carl Zeiss, Germany) and photographic images of immunofluorescence captured using AxioVision 4 software (Carl Zeiss).
qPCR. In some experiments, total RNA was extracted from whole spinal cords at day 14-16 after induction of EAE. Spines were expelled from spinal column and stored in RNAlaterÒ (Ambion, Austin, TX) for at least 24 h at 4°C until further processing. Spinal cords were then homogenized in Trizol reagent (Invitrogen, Inc.), and total RNA was extracted following the manufacturer's instructions. Integrity and concentrations of RNA were determined using the RNA 6000 Nano chip and analyzed by the Agilent 2100 Bioanalyzer (Agilent Technologies, Foster City, CA). Only samples that carried an RNA Integrity Number of 8.0 or greater were used for further analysis. RNA (1 lg) was reverse transcribed using an Oligo-dT 15 primer in accordance with the Reverse Transcription System (Promega Corporation, Madison, WI). PCR amplification and quantification (qPCR) of resulting cDNA was performed in real time using the LightCyclerÒ 480 System (Roche Applied Science), using Cycler480 SYBR Green I Master (Roche Applied Science), and following manufacturer's instructions. All PCR product quantification was subject to relative standard curves that yielded amplification efficiencies greater than 1.79 and less than 2.19 and with error less than 0.2. Primers used for the qPCR analysis are listed in the Supplementary table 1.
RESULTS

Nrf2-KO Mice with EAE Have Higher Clinical Scores of Disease and Incidence
To understand the significance of Nrf2 in modulating inflammation and demyelination, Nrf2-KO and WT mice were immunized with MOG 35-55 emulsified in CFA or CFA alone. Clinical scores of the disease were assessed starting at day 13 after the initial immunizations, and the onset and severity of EAE were monitored. Mice lacking Nrf2 showed a more severe course of disease than the WT mice (Fig. 1A) . When mice were categorized as having a mild (clinical score ! 0 and < 2) or severe (clinical score ! 2) course of disease, the percentage of Nrf2-KO mouse had greater incidence in both mild and severe EAE at all time points after disease onset (Fig. 1B) . Further, the Nrf2-KO mice had an earlier onset of EAE and had a greater percentage of the mice responding to the immunization of MOG 35-55 (100% of Nrf2-KO mice responding vs. 64% of WT) (Fig. 1C) . It is noted that male and female mice were randomly and evenly distributed among the experimental treatment groups, and no significant gender differences in clinical scores, percent incidence, or severity were observed.
Histopathological Analysis for Demyelination and Cell
Infiltration in Nrf-KO and WT Mice with EAE A hallmark of tissue damage in EAE is loss of myelin in white matter regions of spinal cord. Lumbar spine regions from day 14 after MOG 35-55 immunizations were assessed for demyelination by staining with LFB. Sections from lumbar spinal cord from both Nrf2-KO and WT mice with EAE showed loss of LFB stain in multifocal areas of the lumbar spine. The demyelination was then measured and analyzed using ImageJ ( Fig. 2A and 2B ). Demyelination, shown by the loss of LFB stain in multifocal areas of the lumbar spine, was then measured and analyzed using ImageJ. Here, Nrf2-KO mice showed a 5.4% loss of myelin, which was significantly greater than the 1.7% loss seen in WT mice (Fig. 2B) . Quantitative measurement of the gene expression levels for MOG was determined by qPCR from whole spine total RNA. Although not significant, a trend showing greater reductions in MOG expression in Nrf2-KO mice at 35% compared with WT mice at 26% as compared with their respective CFA-treated control mice (data not shown).
Based on the previous data showing a greater amount of demyelination in the Nrf2-KO mouse with EAE, we wanted to determine the cellular composition of infiltrating immune cells and to what extent these cells were involved in the pathological process. At day 14-16 after immunization, a time point corresponding to the early stages of disease onset, Nrf2-KO and WT mice from all experimental groups were sacrificed for histopathological and molecular examination. Representative sections of lumbar spinal cord stained with H&E from mice with and without EAE (MOG 35-55 treated) are shown (Fig. 3A) . Cell infiltration was observed in all mice with EAE as measured by the number of perivascular cuffings and the amount of subpial infiltration; however, there was a significant increase in the inflammatory index of Nrf2-KO compared with WT (Fig. 3B ). Total RNA from whole spinal cord was also harvested and measured to identify what cell types and to what extent the cells had breached and infiltrated the BBB. By measuring gene expression using qPCR, we were able to identify and quantify CD4þ T cell, CD8aþ T cell, and CD19 B cell lymphocytes. All mice with EAE disease had significantly augmented expression levels of these genes compared with the nondiseased CFA-immunized mice (Fig. 3C) . Further, gene expression levels for CD4þ T cell, CD19, a cellular marker for B cells, as well as myeloperoxidase, a neutrophil cell marker, were significantly greater in the Nrf2-KO mice compared with WT, both with EAE (Fig. 3C) .
Evidence of Astrogliosis in Lumbar Spines of Nrf2-KO and WT Mice with EAE
Activation of astrocytes and microglia is associated with degeneration of neurons and oligodendrocytes, directly or indirectly or both. Lumbar spinal cord from WT and Nrf2-KO mice with EAE were stained for the microglial cell marker Iba1 and the astrocytic cell marker GFAP. Compared with their ABSENCE OF THE PRO-ANTIOXIDANT TRANSCRIPTION FACTOR Nrf2 EXACERBATES EAE 239 nondiseased (CFA alone) littermate controls, both WT and Nrf2-KO mice showed increased activation of both cell types ( Fig. 4A ; data not shown for CFA alone). Staining for Iba1, however, indicated more robust microglial activation in the Nrf2-KO mice than WT (Fig. 4A) . In fact, gene expression levels for Iba1 were significantly higher in the diseased Nrf2-KO mice when compared with both nondiseased Nrf2-KO and diseased WT mice (Fig. 4B ). Staining and gene expression levels for GFAP showed increased and significant activation in both Nrf2-KO and WT mice ( Fig. 4A and 4B ).
Altered Expression Levels of Proinflammatory, Cytokine, and
Chemokine Genes in Nrf2-KO and WT Mice with EAE To better understand the biological and molecular mechanisms responsible for the differences in the clinical scores as well as the more robust presence of microglia in Nrf2-KO mice with EAE, the genetic profiles of proinflammatory enzymes and canonical cytokines and chemokines were assessed. Whole spine extracts of RNA from diseased and nondiseased mice in both Nrf2-KO and WT were analyzed by qPCR. Results showed that the proinflammatory enzyme, inducible nitric oxide synthase (iNOS), was significantly increased by 23-and 96-folds in WT and Nrf2-KO with EAE, respectively, compared with the littermate controls (CFA only) (Fig. 5A) . The 96-fold induction of iNOS in the Nrf2-KO mice was also significantly greater than in WT mice. Subunits of the multimeric enzyme, NADPH oxidase, a significant contributor of ROS (O ÁÀ 2 ), were also analyzed. Gene expression levels for the subunits, phox-47, phox-67, and gp91-phox, were all increased in the diseased mice; gp91-phox showed the greatest induction in Nrf2-KO mice with EAE at 156-fold. Furthermore, all subunits were also significantly increased in Nrf2-KO versus WT mice with EAE (Fig. 5A ). Gene expression levels for all cytokines, chemokines, and proinflammatory enzymes were similar and not significantly different between CFAtreated WT and Nrf2-KO (data not shown).
Levels for cytokines and chemokines were also monitored in these same spine extracts. The canonical cytokines, INF-gamma, IL1-b, TNF-alpha, and IL-12, were all significantly increased in both Nrf2-KO and WT-diseased mice. All but TNF-alpha were significant in the Nrf2-KO compared with WT mice with EAE (Fig. 5B) . The chemokines, monokine induced by interferongamma (MIG) and B cell attractant chemokine (BLC) known to attract monocytes/macrophages and lymphocytes to sites of injury, respectively, were also analyzed. All genes analyzed from diseased mice showed significance compared with nondiseased mice. Similar to the cytokines analyzed, gene expression levels for MIP1-gamma and BLC with EAE were significantly increased in the Nrf2-KO mice when compared with WT (Fig. 5B) . In particular, BLC and MIG were nearly an order of magnitude greater in the Nrf2-KO mice with EAE.
DISCUSSION
Inflammation is an essential defense mechanism against a wide selection of pathogens as well as tumor formation. However, when the inflammatory process fails to subside and becomes dysregulated, such as in sepsis or during neurodegeneration, or if ABSENCE OF THE PRO-ANTIOXIDANT TRANSCRIPTION FACTOR Nrf2 EXACERBATES EAE 241 immune cells start to attack self, then destructive and irreversible tissue damage can occur (Innamorato et al., 2008 (Innamorato et al., , 2009 Johnson et al., 2008) . The data presented herein demonstrate that the transcription factor Nrf2 can modulate innate and adaptive immune responses in an acute autoimmune model of MS, EAE. Disruption of Nrf2 resulted in a more severe clinical course, a more rapid onset, and a greater percentage of mice with the disease. Furthermore, increased immune cell infiltration and glial cell activation in spine was observed, indicative of a greater pathological response in the Nrf2-KO mice with EAE. In conjunction, we observed increased inflammatory, cytokine, and chemokine gene expression levels in the Nrf2-deficient mice compared with the WT mice, supporting the notion that Nrf2 can modulate an inflammatory response.
Our data are consistent with previous studies researching the role of Nrf2 in modulation of inflammation in models outside the CNS. When LPS was injected ip or after cecal ligation/ puncture, a more dramatic rate of mortality in Nrf2-KO versus WT mice was observed. Septic Nrf2-KO mice had serum TNFalpha levels that were significantly greater than in WT, suggesting that mice lacking Nrf2 had a more severe innate immune response to the bacteria or endotoxin (Thimmulappa et al., 2006a) . In nonlethal inflammatory studies, lungs from Nrf2-KO or WT mice were instilled with LPS or carrageenan, or mice had ip injections of LPS or TNF-alpha. In all cases, Nrf2-KO mice had a greater influx of inflammatory cells from bronchoaleveolor lavage fluids (Itoh et al., 2004; Thimmulappa et al., 2006a) . Carrageenan, a potent activator of COX-2, also showed increased ALI in Nrf2-KO mice. The latter data are interesting since resolution of inflammation is also thought to occur through the COX-2 generation of cyclopentanone 15d-PGJ 2 , an endogenous electrophile and activator of Nrf2. Previous reports had shown that 15d-PGJ 2 increased expression of Nrf2-driven genes in peritoneal macrophages. In fact, (B) Inflammatory index reflecting quantification of total cell infiltration in lumbar spinal regions from Nrf2-KO (n ¼ 6) and WT (n ¼ 6). *Significantly different from corresponding WT mice (p < 0.05). (C) Quantitative PCR analysis of whole spine extracts for mRNA levels of CD4, CD8 CD19, and myeloperoxidase (MPO). All data were standardized to GAPDH mRNA and presented as the mean fold change ± SEM when compared with the CFA-immunized mice (WT-CFA, n ¼ 5; WT-MOG, n ¼ 6; KO-CFA, n ¼ 5; KO-MOG, n ¼ 5). GraphPad Prism 4 (GraphPad Software) statistical software was used to analyze and plot two-way ANOVA followed by Bonferroni post hoc tests. *Significantly different than CFA-immunized mice within respective genotype cohort (p < 0.05). **Significantly different than MOG 35-55-immunized WT mice (p < 0.05).
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15d-PGJ 2 has been shown to covalently bind to Keap1, whereby Nrf2 is then activated and expression of ARE-driven genes again is increased. Enzymatic inhibition of 15d-PGJ 2 production using NS-398, a selective COX-2 inhibitor, exacerbated ALI in WT mice to that observed in Nrf2-KO. Moreover, exogenous administration of 15d-PGJ 2 reversed ALI in WT but not in Nrf2-KO mice, supporting the notion that Nrf2 does indeed modulate inflammatory response (Itoh et al., 2004) .
Microarray analysis of lung tissue from LPS-injected Nrf2-KO mice showed greater gene expression levels of several cytokines, chemokines, and adhesion molecules, at 30 min and 1 h. We also observed increased gene expression levels for cytokines and chemokines of which IL-12, BLC, and MIG were significantly increased in Nrf2-KO mice and were common to the LPS study described above (Thimmulappa et al., 2006a) . In contrast, our gene expression studies were performed on whole spine samples taken at 14-16 days after initial injection of MOG 35-55. We chose this time point because onset of EAE begins at or near day 14 and inflammatory responses are continuously occurring. Perhaps, analysis of cytokine and chemokine profiles at earlier time points is warranted, as it appears from the LPS studies that gene expression levels are dramatically changed within minutes after injection. Interestingly, TNF-alpha levels, although significantly increased in both WT and Nrf2-KO with EAE, were consistently increased in both cohorts. Studies done in mice lacking TNF-alpha showed delays in remyelination. It was suggested that TNF-alpha may actually play role in the regeneration and repair of oligodendrocytes (Arnett et al., 2001 ). Although we would expect significant increases in the Nrf2-KO mice with EAE, perhaps the TNF-alpha levels, in this respect, are actually protective. Quantitative PCR analysis of whole spine extracts for mRNA levels of GFAP and Iba1. All data were standardized to GAPDH mRNA and presented as the mean fold change ± SEM when compared with the CFA-immunized mice (WT-CFA, n ¼ 5; WT-MOG, n ¼ 6; KO-CFA, n ¼ 5; KO-MOG, n ¼ 5). GraphPad Prism 4 (GraphPad Software) statistical software was used to analyze and plot two-way ANOVA followed by Bonferroni post hoc tests. *Significantly different than CFA-immunized mice within respective genotype cohort (p < 0.05). **Significantly different than MOG 35-55-immunized WT mice (p < 0.05).
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The immunomodulatory potential of Nrf2 was demonstrated in cultured human blood monocytes and neutrophils as well as mouse peritoneal macrophages treated with various Nrf2-activating compounds, including tert-butyl hydroquinone, diethyl maleate, CDDO-Im, and sulforaphane (Ishii et al., 2000; Liu et al., 2008; Thimmulappa et al., 2007) . In some of these studies, activation of Nrf2 attenuated inflammation induced by subsequent treatments with LPS. ROS measured after the LPS treatments, was decreased in Nrf2-activated macrophages and, as expected, when Nrf2 was disrupted in these cultures, loss of the protection against inflammation was observed (Thimmulappa et al., 2007) . Further reinforcing evidence that the transcription factor Nrf2 can prevent oxidative stress in inflammation was demonstrated in a study using peritoneal macrophage cultures that were isolated from mice without the gene glutathione peroxidase-1 (GPX). GPX is a selenium-dependent enzyme that catalyzes the reduction of hydrogen perioxides to water and lipid hydroperoxide radicals to alcohols using GSH for donation of electrons in these processes. Nrf2 regulates gene expression levels of GPX. In this study, GPX-KO and WT macrophages were treated with LPS, interferon-gamma (IFN-gamma), and diquat, a super oxide anion-generating molecule. Peritoneal macrophages from GPX-KO mice showed significantly enhanced levels of oxidative stress as detected by levels of NO À and protein carbonyls (Fu et al., 2001) . Our studies did indeed see increased gene expression levels of enzymes involved in the generation of ROS and RNS in mice with EAE supporting these concepts. More specifically, iNOS and the multimeric subunits of NADPH oxidase were all significantly increased in Nrf2-KO when compared with WT mice. Our future studies will include direct measurement of oxidative stress in a cellspecific manner.
Implications that Nrf2 modulates autoimmune diseases are found in studies investigating aged Nrf2-KO mice. Systemic lupus erythematous and autoimmune nephritis diseases have been documented in female Nrf2-KO mice that were over 12 months of age (Li et al., 2004; Yoh et al., 2001) . Autoantibodies against double-stranded DNA and Smith antigen were detected in the serums from these mice. In addition, deposition of IgG and IgM was noted in kidney, liver, heart, and brain. Since Nrf2-deficient mice have a decreased capacity to compensate for conditions of oxidative stress, acute and chronic cell damage can occur. Increased damage resulting from lipid peroxidation as well as modifications of DNA and proteins can trigger immunologic reactions leading to dysregulated autoimmunity responses (Li et al., 2004) . Of note, the studies described in this manuscript were performed using Nrf2-KO mice that were 2-5 months of age, a period of time that is well before the onset of the endogenous autoimmune disease.
Further evidence of increased neuroinflammation in Nrf2-KO mice was demonstrated by heightened reactive microgliosis in spines from Nrf2-KO mice with EAE. Iba1-positive microglia were clearly visible in immunostained sections of spine as was increased gene expression levels for Iba1. However, GFAP staining for reactive astrocytes was increased similarly in spines from WT and Nrf2-KO with EAE. Interestingly, many of the GFAP-positive cells from Nrf2-KO appeared damaged as if sick or unhealthy. We speculated that these Nrf2-deficient astrocytes, unable to mount an adequate response to the increased oxidative stress generated by reactive microglia, had become diseased themselves. In fact, it was presented in active and chronic active MS lesions that NQO1, an Nrf2-driven antioxidant enzyme, was significantly upregulated in hypertrophic astrocytes and myelin-laden FIG. 5. Gene expression levels for proinflammatory enzymes, cytokines, and chemokines are greater in Nrf2-KO than WT with EAE. (A and B) At days 14-16, total RNA from whole spine was extracted from mice immunized with CFA or CFA and MOG 35-55. RNA was reverse transcribed and the cDNA product was subject to quantitative PCR analysis for mRNA expression levels of the following gene clusters-proinflammatory enzymes: iNOS, phox-47, gp91-phox, and phox-67; cytokines: IFN-gamma, IL1-b, TNF-alpha, and IL-12; and chemokines: BLC and MIG. All data were standardized to GAPDH mRNA and presented as the mean fold change ± SEM when compared with the CFAimmunized mice (WT-CFA, n ¼ 5; WT-MOG, n ¼ 6; KO-CFA, n ¼ 5; KO-MOG, n ¼ 5). GraphPad Prism 4 (GraphPad Software) statistical software was used to analyze and plot two-way ANOVA followed by Bonferroni post hoc tests. *Significantly different than CFA-immunized mice within respective genotype cohort (p < 0.05). **Significantly different than MOG 35-55-immunized WT mice (p < 0.05).
macrophages, underlining the importance of Nrf2 activation as an endogenous response to oxidative stress (van Horssen et al., 2006 (van Horssen et al., , 2008 . Previous studies from our laboratory have described similar neuroinflammatory responses. Kainateinduced loss of neurons in the hippocampus of Nrf2-KO mice had enhanced microgliosis. It was postulated that this heightened microglia response exacerbated the neuronal damage that was observed (Kraft et al., 2006) . Similar to that observed in our EAE studies, the processes of reactive astrocytes from Nrf2-KO mice appeared broken and damaged. In another study, astrocyte-selective activation of Nrf2 was able to confer protection to motor neurons in a mouse model of amyotrophic lateral sclerosis and was followed by a delayed astrocyte and microglia activation . A more recent study by Innamorato et al. found that Nrf2-KO mice injected with LPS were hypersensitive and evidence of a greater influx or activation of macrophage/microglia in the hippocampus which was not prevented by pretreatments with an Nrf2-activating compound, sulforaphane (Innamorato et al., 2008) . Enhanced adaptive neuroinflammatory response was also observed in spines from Nrf2-KO mice with EAE. Gene expression levels for CD4, CD8, and CD19 (B cell)-positive lymphocytes were all increased in WT and Nrf2-KO mice with EAE. CD4 and CD19 expression levels were greater in the Nrf2-KO and were significantly different. With respect to generation of oxidative stress, these lymphocytic cells contribute by chemotactically attracting microglia/macrophages to sites of disease or damaged tissue. (Of note, the robust changes seen by measuring expression levels of specific genes associated with inflammatory cells allow for a quantitative measure of cell infiltration observed in the spines from mice with EAE that cannot be achieved simply by immunostaining.) In all cases discussed, Nrf2 was implicated in the mitigation of neuroinflammation as well as neuroprotection.
In conclusion, we postulate that the absence of Nrf2-mediated protective mechanisms against oxidative stress exacerbates EAE-induced neuroinflammation due to ongoing cellular and tissue damage by the inflammatory-mediated generation of ROS and RNS. Damaged tissue in turn reactivates resident microglia and astrocytes, and continuous activation of an adaptive immune response can also result. Alleviation of neuroinflammatoryinduced oxidative stress via activation of Nrf2 may thus prove to be an important adjuvant therapy in the treatment of MS as well as other neurodegenerative diseases.
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